Recent publications showed that metal nanoparticies which are made from Ti02, Ce02, A120 3, CuCI2, AgN03 and Zn02 induced oxidative stress and pro-inflammatory effects in cultured cells and the responses seemed to be common toxic pathway of metal nanoparticies to the ultimate toxicity in animals as weil as cellular level. In this study, we compared the gene expression induced by two different types of metal oxide nanoparticies, titanium dioxide nanoparticies (TNP) and cerium dioxide nanoparticies (CNP) using microarray analysis. About 50 genes inciuding interleukin 6, interleukin 1, platelet-derived growth factor ß, and leukemia inhibitory factor were induced in cultured BEAS-2B cells treated with TNP 40 ppm. When we compared the induction levels of genes in TNP-treated cells to those in CNP-treated cells, the induction levels were very correlated in various gene categories (r = 0.645). This may suggest a possible common toxic mechanism of metal oxide nanoparticles.
NTRODUCTION
The discharge of nanomaterials to environment could be rapidly increased with the increased application of nanomaterials and it may exhibit adverse effects to human health. Titanium dioxide nanoparticles (TNP) have been widely used as a white pigment in paint, food colorant, ultraviolet blocker in cosmetics, welding rod-coating material, disinfectant in environment and wastewater, and photosensitizer for photodynamic therapy (Gurr et al., 2005) . Cerium dioxide nanoparticles (CNP) have been used for solar cells, fuel cells, gas sensors, oxygen pumps, and glass/ceramic applications (Gao et al., 2006) . Exposure to TNP was known to induce cytotoxicity, oxidative stress, lung inflammation, cell proliferation, and histopathological responses, with differential pulmonary effects (Warheit et al. , 2007; Park et al., 2008a, b; Reeves et al., 2008; Kang et al., 2008) . It increased the production of hydrogen peroxide and nitric oxide in human bronchial epithelial cells (Gurr et al. , 2005) and also caused apoptosis in Syrian hamster embryo fibroblasts (Rahman et al., 2002) .
Regarding the toxicity of CNP, it also induced reac-tive oxygen species (ROS) and cytotoxicity in A549 cells. The elevated oxidative stress was found to increase the production of malondialdehyde which is the indicator of lipid peroxidation and membrane damage (Lin et al. , 2006) . CNP also showed apoptotic process in cultured BEAS-2B cells which are derived from human bronchoalveolar epithelial cells with increased ROS (Park et al. , 2008b) , which shows similarity with TNP in generating toxic responses. Furthermore, many publications showed the oxidative stress and pro-inflammatory responses were induced when the cultured cells were treated with nanomaterials prepared from metals such as silver, zinc and copper (Carlson et al. , 2008; Karlsson et al. , 2008; Rahman et al., 2009; Sharma et al. , 2009) . The focus of the present study is to evaluate and compare the gene expressions increased in TNP-and CNP-treated cells, which may suggest that metal nanoparticles may have a common pathway to exert toxicological responses.
MATERIALS AND METHODS
Metal oxide nanoparticles. Commercial titanium dioxide nanoparticles (TNP, P-25, 21 nm-size) were purchased from Degussa Korea (Incheon, Korea). According to the information provided by the supplier, titanium dioxide P25 is a fine white powder with hydrophilic character caused by hydroxyl groups on the surface (ca. 5 OH-groups/nm 2 ). Cerium oxide nanoparticles (CNP, 30 nm) were prepared by the supercritical synthesis method as previously reported (Park et al., 2008b) . The suspensions of CNP and TNP were sonicated prior to test due to aggregation. For cytokine assay, cells were treated with CNP and TNP for 24 hours (5, 10,20,40 ppm) .
Physico-chemical analysis. Particle sizes in test media (DMEM/F12 medium, 10% FBS) were measured before experiment using a submicron partieIe sizer (NICOMp™, CA, USA), and images of the nanopartieIes were acquired by transmission electron microscopy (TEM; JEM1010, JEOL, Japan). The surface charges of TNP and CNP suspended in distilled water were also measured using Zeta potential analyzer (Brookhaven instruments corp., NY, USA), respectively.
Cell culture and RNA preparation. BEAS-2B cells were maintained in DMEM/F12 medium (GIBCO Invitrogen, Seoul, Korea) containing 10% FBS, penicillin 100 lU/mi, and streptomycin 100 fl9/ml, respectively. Cells were grown and maintained in 28 cm 2 cell culture flasks at 37°C in a 5% CO 2 humidified incubator. For the preparation of total RNA, cells were treated for 4 hours with titania and ceria of 40 ppm, respectively, and the RNAgent Total RNA Isolation System (Promega, Madison, WI, USA) was used according to the manufacturer's instructions.
Microarray analysis. Microarray analysis was performed by macrogen using Applied Biosystems Human Genome Survey. Briefly, digoxigenin-11-UTP labeled cRNA was generated and linearly amplified from 1 fl9 of total RNA purified from control and nanopartieIes exposure group, respectively, using Applied Biosystems Chemiluminescent RT-IVT Labeling Kit. Array hybridization, chemiluminescence detection, image acquisition and analysis were performed using Applied Biosystems Chemiluminescence Detection Kit and Applied Biosystems 1700 Chemiluminescent Microarray Analyzer following manufacturer's protocol. Each image was collected for each microarray using the 1700 analyzer equipped with high-resolution, large-format CCD camera for gene expression analysis. Images were autogridded and the chemiluminescent signals were quantified, corrected for background and spot, and spatially normalized.
Measurement of cytokines. The concentration of IL-6 and IL-8 secreted from the cultured BEAS-2B cells was determined using ELiSA kits commercially available from eBioscience (San diego, CA, USA). Briefly, micropiates were coated with 100 fll of capture antibody per weil and incubated overnight at 4°C. After washing and blocking with assay diluent, the supernatant of cell and standards were added to each weil and the plates were maintained for 2 hours at room temperature (RT). The plates were washed and biotin-conjugated detecting mouse antibody was added to each weil and incubated at RT for 1 hour. The plate further incubated with avidin-HRP for 30 min before detection using TMB solution. Finally, response was stopped with 1 M H3P04, and absorbance was measured at 450 nm with an ELiSA reader (Molecular Devices, Sunnyvale, CA, USA). The amounts of cytokines were calculated from the linear portion of the standard curve.
RESULTS AND DISCUSSION
Physico-chemical properties of TNP and CNP. Surface charge and size-distribution of nanopartieIes are very important parameters in toxicity test. Some report described that smaller partieIes have more toxic to cells and the agglomeration/aggregation of partieIes may affect the toxicity (Wittmaack, 2007) .
The surface charges of TNP and CNP suspended in distilled water were 18.66 mV and 43.44 mV, respectively ( Fig. 1A ) when detected using Zeta-potential anaIyzer. However, those were changed to -13.73 mV and -1.21 mV in cultured media ( Fig. 1B) (DMEM/F12, 10% FBS). The decrease of surface charge means that the partieIes may be agglomerated or aggregated. The decreased levels of surface charges in TNP and CNP were very similar, which means that the agglomeration level was also very similar. The partieIe sizes of TNP and CNP were 21 nm and 30 nm when they were prepared and maintained in dried-powder form. However, the partieIes were agglomerated or aggregated when they were suspended in culture media. The distribution of partieIes size was shown in Fig. 2 . Average diameter of TNP in culture media was increased 134.6 nm and CNP was increased 105.6 nm. TEM images of TNP and CNP are shown in Fig. 3 . According to the TEM images of the nanopartieIes, they seem to be attached through weak bindings.
Gene expression. (inflammation), apoptosis, and nucleic acid metabolism were mainly upregulated. Among them, upregulation of genes related to immunity system (inflammation) including leukemia inhibitory factor, interleukin 6, interleukin 1, tumor necrosis factor, CXC chemokine family .. ," 2 •• "'.
2.
•• Fig. 2 . Size-distribution of TNP and CNP in culture media. TNP 40 ppm and CNP 40 ppm were suspended in culture media, respectively and size-distribution was analyzed using a submicro particle sizer. Average sizes of TNP (upper panel) CNP (Iower panel) were 134.6 nm and 105.6 nm, respectively.
and platelet-derived growth factor were most distinguished. The induction of the inflammatory genes was coincided with previous reports on the pro-inflammatory responses of TNP in in vive studies (Park et a/., 2009a) . Induction of inflammatory responses are also observed in silica nanoparticles and multi-walled carbon nanotubes (Park et a/., 2009, c) . Total number of genes induced by TNP in cultured BEAS-2B cells was not large. It was confirmed by separate experiments. Furthermore, down-regulated genes were not so many (data not shown). This phenomenon was similarly occurred in CNP-treated cells. The total number of induced genes in CNP-treated cells was not large like in TNP-treated cells. The reason why only a few genes are induced in metal nanoparaticles-treated cells is not understood at the present and this phenomenon is very unusual. When cultured cells are treated with metal nanoparticles, it seems that the particles penetrated cell membrane and accumulated in the nuclear membrane area (Park et a/., 2008b) . The accumulation of the nanoparticles in the nuclear membrane area may block the nuclear pore to inhibit the free passage of information materials from nueleus. Furthermore, inhibition of transcription by interaction between nanopartieIes transcriptional machinery proteins may be another reason (Walther et al., 2002) . However, no evidence has been reported at present time.
Microarray data on the gene expressions in cultured BEAS-2B cells treated with TNP and CNP, were re-confirmed by the measurement of secreted cytokine level, IL-6 and IL-8 (Fig. 4) . As shown in FigAA, secreted IL-6 levels were increased in a dose-dependent manner and showed maximum level (22.5 pg/ml) in TNP 10 ppmtreated cells and then the level was decreased with the increase of concentration. CNP also increased the secreted IL-6 levels and the dose-dependency was very similar to that of TNP. IL-6 level reached maximum level to 4.8 pg/ml in CNP 10 ppm-treated cells. IL-8 which belongs to a family of chemokines, was also increased in TNP-and CNP-treated cells with concentrationdependency. However, the concentration-dependency was different from that of IL-6. Maximal increase of IL-8 (TNP; 321.9 pg/ml, CNP; 128.6 pg/ml) was observed in 40 ppm treatment while maximal increase of IL-6 was shown by 10 ppm treatment (Fig. 4B) . TNP was more potent than CNP in the gene induction with all ranges of exposure concentrations, which is the same as the result of microarray analysis (Table 1) .
Correlation between the induction levels of genes by TNP and CNP. The induction levels of genes by TNP and CNP were compared and plotted for the cor- relation. Correlation coefficiency was obtained by SPSS. When the induction levels were plotted, it was found that the most genes induced by TNP were also induced by CNP and the induction level of each gene was found to be correlated (r = 0.645, P < 0.01). The correlation plot is shown in Fig. 5 . Our previous study showed that TNP exerted cytotoxicity, induced ROS generation, decreased intracellular GSH level, and also induced the expressions of oxidative stress-related genes or inflammation related genes. Cytosolic caspase-3 activation and chromatin condensation were also shown in the TNP-treated cells, wh ich suggested the apoptotic process (Park et a/., 2008a, b) . Very similar toxic responses were also observed in CNP-treated BEAS-2B cells. CNP induced ROS generation, decreased intracellular GSH level, induced cytosolic caspase-3 activation and chromatin condensation. Both TNP and CNP penetrated into the plasma membrane and located in the peri-region of nuelear membranes, which may be possible for the nanopartieIes to block nuelear pore to inhibit free transport of information molecules from nueleus to cytoplasm (from cytoplasm to nueleus).
We showed elose correlations of induction levels of genes between TNP-and CNP-treated cultured cells using microarray analysis in this study. This may be contributable to establish a reasonable idea to explain possible common toxic mechanism of metal oxide nanopartieIes.
